The Wiskott-Aldrich syndrome (WAS) is a rare X-linked primary immunodeficiency characterized by recurrent infections, thrombocytopenia, eczema, and high incidence of malignancy and autoimmunity. The cellular mechanisms underlying autoimmune complications in WAS have been extensively studied; however, they remain incompletely defined. We investigated the characteristics of IL-10-producing CD19 mice displayed a basal activated phenotype which may prevent normal cellular responses, among which is the expression of IL-10. These defects may contribute to the susceptibility to autoimmunity with age in patients with WAS.
Introduction
The Wiskott-Aldrich syndrome (WAS) is a rare X-linked primary immunodeficiency that causes recurrent infections, thrombocytopenia, eczema, and high incidence of malignancy in affected patients. Autoimmune complications are also common in WAS and have been described in 40% to 70% of patients in retrospective cohort studies [1, 2] .
WAS is caused by mutations of the WAS gene that encodes for the WAS protein (WASp), a multidomain-containing protein that regulates the actin cytoskeleton in hematopoietic cells [3] . The role of WASp deficiency in the development of autoimmunity in WAS has been explored extensively. Others and we have demonstrated that WASp-deficient natural regulatory T cells (nTreg) have defective suppression function of effector T cells and of B lymphocyte proliferation [4, 5, 6, 7, 8] . Recent observations in WASp-deficient (WKO) mice have shown decreased numbers of interleukin (IL)-10-producing regulatory B cells (Breg), associated with increased Th1 and Th17 cells, as well as exacerbated pathology in an experimental mouse arthritis model [9, 10] . Altogether, these findings indicate the importance of WASp at multiple levels of the regulatory cellular network of the immune system. We and others have also shown that both humans affected with WAS and mouse models of the disease present with intrinsic defects of B cell differentiation that are associated with increased production of autoantibodies [11, 12, 13] . In addition, we have observed that WASp deficiency results in agedependent attrition of the immune system in humans [13, 14] . These clinical observations are reflected in the WKO mouse model where we observed that animals older than 6 months of age show significantly higher titers of antinuclear (ANA) and anti dsDNA antibodies and increased severity of proliferative glomerulonephritis compared to age-matched wild type (WT) controls [15, 16] .
Based on these findings we set out to assess the presence, function, and effects of age on splenic CD1d and are thought to thereby regulate the differentiation of CD4 + T cells into Th1/Th2/Th17 cells.
CD1d
high CD5 + Breg cells are also known to play a critical role in the pathogenesis of various autoimmune mouse models, such as experimental autoimmune encephalomyelitis (EAE) and murine systemic lupus erythematosus [18, 19] . However, while it has been reported that WKO mice have lower numbers of IL-10-producing, B220
+ regulatory B cells [9, 10] , detailed information about the specific CD1d high CD5
+ subset of Breg cell in WKO mice is lacking. In this study, we demonstrate that CD1d high CD5 + Breg cells are reduced in numbers in WKO mice and become functionally impaired in older animals, which provides additional insights into the mechanisms leading to immune dysregulation in WAS.
Materials and Methods Mice
Was -/y , Was -/-(129S6/SvEvTac-Was tm1Sbs /J) (WKO), and 129S6/SvEvTac (WT) mice were used in experiments approved by the National Human Genome Research Institute Animal Care and Use Committee. All mice were bred in a specific pathogen-free barrier facility and used from 6 weeks to under 1.5 years of age.
Cell preparations
Single-cell suspensions from spleens were generated by gentle dissection and treatment in ACK lysis buffer (Lonza, Walkersville, MD, USA) followed by passage through 70 μm cell strainers (BD Biosciences, San Jose, CA, USA) and suspension in complete medium (RPMI 1640 media containing 10% FCS, 200 μg/ml penicillin, 200 U/ml streptomycin, 4 mM L-glutamine and 5×10 −5 M 2-mercaptoethanol (all from Gibco, Gaithersburg, MD, USA).
A MACS cell separator (Milteny Biotech, Auburn, CA, USA) was used to purify lymphocyte populations according to the manufacturer's instructions. CD4 + T cells were positively selected from splenocytes using anti-mouse CD4-coated microbeads (Milteny Biotech). The cells were enriched a second time using a fresh MACS column to obtain >95% cell purities.
To purify CD19 + CD1d high CD5 + Breg cells, CD4-depleted cells were further subjected to cell sorting using a BD FACSAria III sorter (BD Biosciences) based on their expression of CD19, CD1d, and CD5 with obtained purities of >95%.
Flow cytometry analysis of cell surface markers and intracellular IL-10 synthesis Aldrich, St. Louis, MO, USA), 50 ng/ml phorbol 12-myristate 13-acetate (PMA; Sigma Aldrich), 500 ng/ml ionomycin (Sigma Aldrich)), and 2 μl of GolgiStop (BD Biosciences) and incubated with 5% CO 2 at 37°C for 5 hrs (LPI stimulation). Fc receptors were then blocked with purified rat anti-mouse Fc-receptor-specific mAb (CD16/CD32 (2.4G2) antibody; BD Biosciences) before cell-surface staining and then fixed and permeabilized with the Cytofix/ Cytoperm kit (BD Biosciences) according to the manufacturer's instructions. Background staining was assessed using non-reactive, isotype-matched control mAbs. We defined IL-10-positive cells by gating to exclude >99.9% of non-reactive cells. All data were collected on FACS Calibur and LSRII instruments (BD Biosciences) and analyzed with FlowJo software (TreeStar, Ashland, OR, USA).
ELISA
Purified CD1d high CD5 + Breg cells (1×10 5 cells/ml) were cultured in 1 ml of complete medium with or without LPI for 5 hrs. IL-10 concentration in culture supernatant was then quantified using the IL-10 OptEIA ELISA kit (BD Pharmingen, San Diego, CA, USA) following the manufacturer's protocol. All assays were conducted in triplicate.
Cell co-culturing assay 
Statistical analysis
Data are shown as mean and standard deviation (SD). Significant differences (p<0.05) between sample means were determined using Student's t-test. Percentage values were statistically analyzed after angular transformation and using the Mann-Whitney test. (Fig 3a and 3b, and WT mice on the expression of CD69 on the surface of co-cultured CD4+ T cells (Fig 3a  and 3b) . We also found that the concentration of IFN-and TNF-in the medium of co-cultures of WT CD4 + T and WKO CD1d high CD5 + Breg cells from older mice was statistically higher than that from co-cultures of control WT CD4 + T and WT CD1d high CD5 + Breg cells (IFN-: p<0.05, TNF-: p<0.02) (Fig 3c) .
Results and Discussion
To investigate whether the lower production of IL-10 by CD1d high CD5 + Breg cells from older WKO mice was due to reduced effects of LPI stimulation, we assessed the expression levels of CD69 on the surface of CD1d high CD5 + Breg cells before and after LPI stimulation (Fig 4a) . Interestingly, we found that the CD69 expression levels on CD1d high CD5 + Breg cells from older WKO mice before LPI stimulation was statistically higher than that of CD1d high CD5 + Breg cells from age-matched WT controls and younger WKO mice (Fig 4b, p<0.001 ). In contrast, after LPI stimulation, the CD69 expression levels of CD1d WT control and young WKO mice. This condition results in reduced suppression of CD4 + Tcell activation and decreased inhibition of IFN-and TNF-production. Altogether, older WKO mice show significantly impaired regulatory B cell function that may contribute to the onset of the known autoimmune complications observed in this animal model and possibly to the age-dependent exacerbation of the autoimmune phenotype that we have previously described [15, 20] . Further studies are needed to uncover the mechanisms leading to these findings. As shown by Bouma et al. [9] , WKO mice of less than 6 months of age show a more severe experimental arthritis compared to control mice that can be ameliorated by adoptive transfer of Breg cells. 
Conclusions
Our observations uncovered additional characteristics of the defective compartment of regulatory B cells that develops in the absence of WASp expression and provides possible insights into the development of autoimmunity with increasing age in patients affected with WAS.
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